to BOS than to conspecific (same-species) songs. When BOS is presented reversed in time, these units exhibit weaker responses than to normal BOS, implicating timevarying features of the acoustics in specifying the neuronal response. HVc neurons in adults even prefer BOS over the songs the birds were tutored with early in life. The acoustic parameters of song are learned, and auditory properties of HVc neurons in juvenile whitecrowned sparrows appear to track the ever-changing features of plastic song during the sensorimotor learning phase of song development (Volman, 1993) . Thus, there is a tight linkage between the sensory and motor properties of HVc neurons throughout ontogeny. There is little insight to date into the cellular and circuit basis for this linkage, a central issue in the neural mechanisms of sensorimotor learning in birdsong development.
Several aspects of the organization of auditory re- The song system of oscine passerine birds can be subdivided into song (reviewed by Margoliash et al., 1994 
TCS properties of HVc neurons (Lewicki and Konishi,
A list of abbreviations can be found in Margoliash et al., 1994. 1995). To date, song-selective properties akin to those observed in HVc have yet to be reported in structures 1997 for a discussion of this unresolved issue). HVc afferent to HVc, for example in the subdivisions of field neurons have similar song-selective properties in both L (Figure 1 ). The connectivity of structures leading up to urethanized and awake conditions. In each individual HVc is still being delineated, however, and physiological bird, neurons in HVc have highly specific responses to analysis of these structures is quite incomplete. The that bird's own song (BOS). Some of these neurons are conclusion that selectivity for BOS appears en masse temporal combination sensitive (TCS), responding only at the level of HVc remains tentative. Such a conclusion when presented with two to six notes or syllables of a would stand in striking contrast to the sensory hierarsequence drawn from BOS. Thus, remarkable higherchies that have been described in other systems (e.g., order time domain processing is observed in the audisee Konishi, 1990; Heiligenberg, 1991) . tory response properties of these HVc neurons. TCS Another aspect of auditory activity in HVc that sugunits can exhibit exquisite sensitivity to acoustic paramgests a distributed representation is the similarity of eters of BOS. For example, white-throated sparrow temporal features of response properties across the songs were modeled with a zero-crossing technique population of HVc neurons. When presented with BOS, that extracted cycle-by-cycle frequency and amplitude most HVc multiunit recording sites (and single units exinformation. When the slight ‫02-01ف(‬ Hz) frequency tracted from the multiunits) exhibit strong excitatory modulations that give bird whistles their appealing vipeaks of activity for some syllables and weaker activity brato were suppressed or eliminated, leaving amplitude for other syllables (Sutter and Margoliash, 1994) . This information unaltered, some units gave weaker or no suggests that excitation and inhibition across HVc exresponse (Margoliash, 1983) . In contrast, TCS units were hibit a considerable degree of synchronization during quite insensitive to changes in the duration of individual presentation of BOS. Across recording sites, the variacomponents of the requisite sequence of sounds or to tion in response to BOS could just be noise. Alternachanges in the intervals between individual compotively, information could be encoded in the variation nents. The TCS response was maintained even when around the overall pattern; for example, a spatial repreunits integrated over abnormal intervals of many hunsentation for syllables that depends on time could exist. dreds of milliseconds. The juxtaposition of heightened Such a representation could only be detected if both sensitivity and special processing for temporal sespatial and temporal properties of HVc were assessed quences of component sounds and fine frequency modsimultaneously, which has yet to be reported. When a ulation of each component, with insensitivity to compofew sites in HVc were recorded simultaneously, strong nent and interval duration, is consistent with the temporal synchronization of activity was observed in the behaviorally derived sensitivities of finches and sparspontaneous bursts that are characteristic of ongoing rows to acoustic parameters of song and emphasizes activity in HVc, even in sites recorded from opposite the symbolic nature of these learned signals.
ends of the nucleus. This could arise from the high degree of local (intrinsic) connectivity observed in HVc, Non-TCS HVc neurons also exhibit stronger responses Song is represented by spectrographs, with frequency on the ordinate versus time on the abcissa and with the signal power denoted by gray levels. Components of songs of zebra finches include "notes," the smallest subdivision; "syllables," which comprise one or more notes; and "motifs," which comprise one or more syllables. The color bands underneath the song denote individual notes, syllables, and motifs of the same type. from correlated input, or from both. The synchronization type. The relative position of the syllable within the sequence of syllables (e.g., which syllable followed or preof spontaneous and driven activity throughout HVc can be compared to the stimulus response-dependent synceded the target syllable) did not affect the activity pattern of HVc neurons: HVc neurons were insensitive to chronization of unit activity recently demonstrated in mammalian auditory cortex (deCharms and Merzenich, temporal context. Interestingly, all HVc neurons were active for all syllables of song. Neurons recorded in RA 1996). These and other studies suggest that precise correlation of spike timing is a general mechanism for had a contrasting pattern of activity. During singing, RA neurons exhibited short, phasic bursts of activity whose representing information across populations of neurons.
Sutter and Margoliash (1994) observed that a single temporal pattern was extremely tightly regulated. All RA neurons were also active during singing but not necesnarrow (25 ms) window of time accounted for the strongest peak of excitation for a majority or plurality of HVc sarily for all syllables of song. Thus, a spatial topography of excitation and inhibition that depends on vocal units units, depending on the bird. Across individuals, the timing of the peak of excitation could not be predicted may be present in RA but not in HVc. The temporal pattern of activation of RA neurons depended only on by any surface acoustic features of the associated syllable of maximum synchronization (SMS), including amplithe identity of individual elements (notes) within a syllable, and RA neurons were insensitive to the temporal tude, duration, morphology, and sequence position (in which motif and in which part of the motif the SMS context of notes. The different temporal scales of coding in HVc and RA were highlighted in those cases in which occurred). Presumably, the temporal pattern of excitation and inhibition during presentation of BOS is a cona bird sang two syllables that had some notes in common but had other notes that were different (e.g., ABCD sequence of the patterns of connections established during sensorimotor learning, which will vary across and ABEF). HVc neurons exhibited different activity profiles for the two syllables, including the parts of the birds learning to sing different songs. Apparently, all HVc neurons are premotor (see below) and many are syllables that had common notes, whereas RA neurons exhibited similar burst patterns for similar notes and also auditory, but in adult birds, individual HVc neurons do not exhibit any obvious similarity in their auditory dissimilar burst patterns for dissimilar notes. Based on these observations, Yu and Margoliash and motor responses. Perhaps such similarities might emerge in the activity of the population of neurons, espe- (1996) concluded that the population of HVc neurons codes for syllable identity, whereas the population of cially if examined during the period of vocal learning.
Song Production
RA neurons codes for note identity. Temporal sequencing and different scales of time are hierarchically orgaStudies of information coding along the descending motor pathway for song give additional insight into the nized in the bird forebrain, matching the hierarchical organization of song (Figure 2 ). In this scheme, the temorganization of HVc and support the notions of a timedomain distributed representation. Vu et al. (1994) elecporal sequence of notes of a syllable results from an interaction of HVc input with RA local circuits. HVc trically stimulated song system nuclei with small currents (Ͻ5 A) while zebra finches were singing. When "plays" RA (in the sense of a musical instrument) at the syllable level, and RA in turn transforms these comapplied to HVc, such currents induced cessation of singing followed rapidly by recommencement of singing mands into the appropriate sequence of notes. This permits HVc to have considerable information about starting with a new motif (group of syllables; see Figure  2 for terminology of song). When applied to RA, such syllables with little information about notes. A similar interaction is envisioned for Uva (and NIf) input to HVc currents induced distortions of the syllable the bird was singing but produced no disruption of the temporal patorganizing sequences of syllables into motifs and introductory notes and motifs into songs. tern of song. This suggested that timing of larger units of song is organized at the level of HVc or its afferents,
The differences in the activity patterns of HVc and RA neurons gives some insight into the form of the interacand coding of syllable morphology is organized at the level of RA and its efferents.
tion that must occur at the level of RA. RA neurons could exhibit up to ‫01ف‬ separate bursts for a single complex In a complementary approach, Yu and Margoliash (1996) developed a technique to record single neurons syllable lasting up to ‫004ف‬ ms. The number of spikes and the spike pattern of each burst was sufficiently well from singing zebra finches. In HVc, neurons had relatively tonic premotor activity patterns starting prior to regulated (and different) to form a "signature" of the behavior, so that in favorable cases it was possible to each syllable of song. Each neuron had a different pattern of activity associated with each different syllable "read" the singing behavior from individual spike trains. Mooney, R. (1992) . J. Neurosci. 12, 2464 Neurosci. 12, -2477 In some cases, the temporal precision between particu- Suga, N. (1990). Neural Networks 3, 3-21. lar pairs of spikes within each burst was regulated at Sutter, M.L., and Margoliash, D. (1994) . J. Neurophys. 72, 2105 Neurophys. 72, -2123 least within the timing precision with which the raw signals were originally sampled (20 kHz, or 50 s/sample). Volman, S. (1993) . J. Neurosci. 13, [4737] [4738] [4739] [4740] [4741] [4742] [4743] [4744] [4745] [4746] [4747] A plausible scheme to explain these observations posits Vu, E.T., Mazurek, M.E., and Kuo, Y.-C. (1994) . J. Neurosci. 14, 6924-6934. that the RA network is reconfigured for each new burst, Yu, A.C., and Margoliash, D. (1996) . Science 273, 1871 Science 273, -1875 changing the relative coupling between RA neurons, which have distinct subthreshold and suprathreshold oscillatory activity (Mooney, 1992) . Reconfiguration could occur perhaps via the action of neuromodulators, as has been shown in lobster stomatogastric ganglion. The final burst pattern would reflect primarily the action of local RA circuitry, thereby achieving the precision in burst patterning. It is noteworthy that the timing of burst onsets of RA neurons was less precisely regulated than the timing of within-burst patterns. Potentially, the relative lack of precision in burst onsets could arise as an artifact from time/frequency resolution limitations in the Fourier transform signal-processing techniques used to align the spike data with the notes. If so, signal-processing techniques that better determine note boundaries might demonstrate improvement in the timing of burst onsets. Alternatively, and consistent with the proposed scheme, lack of precision in the timing of burst onsets could be biologically significant, arising from the relative temporal imprecision of HVc input. Perhaps burst onsets are then brought into better temporal register at the level of the hypoglossal nucleus.
Conclusions
How vocalizations are represented in the auditory system is a long-standing problem. Both gnostic "recognition" neurons and distributed representations have been proposed as possible mechanisms. In the birdsong system, there is evidence for both. Neurons with highly selective auditory properties are commonly observed, with some of these exhibiting among the most complex requirements for temporal sequences of sounds ever reported. The mapping of auditory representations onto motor representations does not appear to be organized in a spatially topographic fashion, with subpopulations of neurons whose firing rate specifies different features of the vocalization, but rather appears to be distributed in space and highly synchronized in time. Synchronous activity has been observed in a number of sensorimotor systems, but its significance is not well understood. The analysis of how birds learn songs may contribute to resolution of this problem.
